Background. Staphylococcus aureus colonizes skin in the presence of antimicrobial fatty acids and polyamines. The chromosomally encoded Tet38 efflux transporter confers resistance to tetracycline and fitness in abscesses, but its natural substrates and those of the Nor quinolone efflux pumps are unknown.
Lipids are important for energy storage, membrane structure, and cell signaling [1, 2] . Free fatty acids may be found in staphylococcal abscesses and are usually present on the skin surface where they may serve to limit skin colonization by bacteria such as Staphylococcus aureus and Staphylcococcus epidermidis [3] [4] [5] . Human sebum contains 16% free fatty acids, and sapienic acid is a sebum fatty acid that is unique to humans [6, 7] . The equivalent of sapienic acid in mouse sebum is palmitoleic acid, a monounsaturated fatty acid present in all tissues, including the skin surface. Lauric acid is a minor sebum component, occupying 1%-2% of total sebum free fatty acids. These fatty acids have antimicrobial properties and can cause a reduction in the growth of S. aureus and S. epidermidis [8, 9] .
In human tissue, skin surface, and nasal fluid, the main bactericidal long chain unsaturated fatty acids are linoleic (C18:2), oleic (C18:1), palmitoleic (C16:1), and long chain saturated fatty acids are palmitic (C16:0), and stearic (C18:0) acids [10] . In addition, unsaturated fatty acids, such as undecanoic and undecenoic acids and their monacyl glycerols, are also active against S. aureus and Bacillus cereus [6, 11] .
Antimicrobial polyamines are also present on skin [12, 13] . Polyamines are aliphatic compounds and exert pleiotropic effects on cellular physiology of all organisms. S. aureus lacks polyamine biosynthetic genes and cannot produce spermidine, spermine, or their precursors. Exogenous polyamines inhibit S. aureus growth and are bactericidal at concentrations that are nontoxic to host cells [14] .
S. aureus has developed a number of strategies to survive on skin in the presence of a range of antimicrobial compounds [15] . Under iron-limited conditions, the surface protein IsdA contributes to resistance to fatty acids and antimicrobial peptides due to its ability to reduce binding or sequestration of these antimicrobial compounds [16] . Wall teichoic acids also appear to prevent penetration of hydrophobic antimicrobial fatty acids across the cell wall and reduce binding to the cytoplasmic membrane [17] .
Most S. aureus strains are highly susceptible to polyamines, such as spermine and spermidine, by an uncertain mechanism, but some strains, such as the dominant community-associated strain USA300, are resistant to skin polyamines due to acquisition of the speG gene found on the mobile ACME element [18] .
A number of efflux pumps of S. aureus have been identified to confer resistance to antimicrobial agents. The norB (resistance to quinolones), norD, and tet38 (resistance to tetracycline), are known to be selectively increased in subcutaneous abscesses, which contain antimicrobial fatty acids [4] , and these pumps contribute to the ability of S. aureus to survive in the abscess environment [19, 20] . Linoleic acid has also been shown to induce expression of efflux transporter genes tet38, mdeA, and mmpL [21] . We thus evaluated the effects of five known efflux pumps, Tet38, NorA, NorB, NorC, and NorD on resistance to antimicrobial fatty acids and polyamines. We studied the effects of these compounds on pump gene expression, the ability of Tet38 to transport fatty acids, and their ability to promote survival on skin. NorB and NorD had little effect, but expression of tet38 was induced by fatty acids, and Tet38 conferred resistance to and transported select free fatty acids and contributed to S. aureus survival on mouse skin. Although NorC contributed to polyamine resistance, it did not affect skin colonization. 
MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
S. aureus was cultivated in trypticase soy broth (TSB; Difco, Sparks, Md.), and Escherichia coli in Luria-Bertani (LB) broth. Bacteria grew at 37°C in glass flasks, with a flask-to-media ratio of 2.5 (100 mL LB/250-mL flask) and shaking at 220 rpm under normal aeration. Ampicillin (100 µg/mL) was added when necessary (Table 1) . Strains QT10 and MW2 (ΔnorC) were created as previously described using phage Φ85 with MW2 (ΔnorD) and QT9 as donors.
Antibiotics, Chemical Compounds, and MICs
Tetracycline, lysostaphin, Hoechst 33 342, spermidine, spermine, putrescine, linoleic, oleic, lauric, palmitoleic, palmitic, and undecanoic acids were from Sigma Chemical Co., St. Louis, MO. Ampicillin and isopropyl-β-D-thiogalactopyranoside (IPTG) were from Fisher Scientific, Pittsburgh, PA. MICs of fatty acids, polyamines, and other compounds were determined by LB broth microdilution, as described elsewhere [30] .
Induction of tet38 and norC Expression by Skin Antimicrobials S. aureus RN6390 and MW2 cultures were grown at 37°C to OD 600 0.5. Fatty acids or polyamines were added to the culture followed by incubation for 1 hour. Real-time quantitative reverse-transcription polymerase chain reactions (qRT-PCRs) were carried out as described elsewhere [31] . Primers designed from the tet38 gene (Tet38-F, 5′-ATCGTAGTATTTACGTT GCCATTCC-3′; Tet38-R, 5′-GTTGCCACTAGAATTAAGCC AACAA-3′), and the norC gene (NorC-F, 5′-TGGGTTGGAG TGGATTTTC-3′; NorC-R, 5′-ACAATTAGCCCTGCAACG TC-3′), were synthesized at the Tufts University, Boston, MA. All samples were analyzed in triplicate and normalized against the gmk housekeeping gene internal control.
Plasmid Construction
Plasmid pTrcHis2-tet38 was constructed as previously described by Yu et al [27] . tet38 was amplified from S. aureus RN6390 (Tet38-BamHI, 5′-ATTATGAGGATCCATGTTGAATAT-3′, and Tet38-EcoRI, 5′-TATCTATGAATTCTTATTTTTCAG-3′, underlined regions indicate the inserted BamHI and EcoRI sites). The PCR product was ligated to the BamHI and EcoRI sites of pTrcHis2 (Invitrogen Inc, Carlsbad, CA). The construct was transformed into E. coli BL21, followed by DNA sequencing.
Preparation of Everted Membrane Vesicles
E. coli BL21 with plasmid pTrcHis2-tet38 or pTrcHis2
[control] was cultured in LB broth with ampicillin (100 µg/mL) and grown at 37°C. At OD 600 = 0.7, IPTG was added to 0.5 mM. Cells were harvested after 4 hours and resuspended in 50 mM potassium phosphate buffer (pH 7.2). Everted membrane vesicles were prepared using a French press at 1500 lb/in 2 , as previously described [27] .
Tet38 Efflux Pump Transport in Everted Membrane Vesicles
Lactate-dependent decreases in fluorescence of Hoechst 33 342, a dye that exhibits membrane-specific fluorescence, were used to measure membrane transport as described elsewhere [27] . Assay mixtures contained 40 µg/mL of everted vesicle protein in 50 mM HEPES pH 7.2, 8.5 mM NaCl, and 2 mM MgSO 4 in a final volume of 2 mL. Hoechst 33 342 produced a linear fluorescence response between 50 and 200 nM, as described elsewhere [27] . Double reciprocal plots of concentrations of Hoechst vs the rates of fluorescence change were generated to calculate the V max and K m of Hoechst 33 342 transport, and the kinetics of transport with tetracycline and fatty acid were measured as competition for Hoechst 33 342 transport. Competition patterns were determined by the concurrence of the y and x intercepts from least-squares regression plots of 1/V and 1/S, where V is the initial velocity of transport and S is the concentration Hoechst 33 342 substrate. Values of K i were calculated as previously described [27] . Tetracycline fluorescence at the amounts used (70 and 35 nM) did not affect Hoechst fluorescence. Fatty acids and their solvents did not produce measureable quenching of Hoechst 33 342 fluorescence in the assays.
Mouse Skin Colonization Model
To evaluate skin colonization, we modified a superficial skin infection model [32] . A saline suspension containing 10 7 cells of S. aureus strain MW2, MW2Δtet38, or MW2norC::cat mutants was added to 4 mm filter paper discs, placed onto the shaved flank of 8-to 14-week old S. aureus-free C57BL/6 male mice (Charles River Laboratories, Wilmington, MA). A salineloaded control disc was applied to the opposite flank. Both sites were covered with 1.0-cm 2 pieces of plastic sheet and secured with Transpore tape and Nexcare waterproof tape (3 M). After 24 hours, the skin beneath the discs was abraded with a scalpel blade and resuspended in 1 mL saline for plating. Mouse experiments were approved by the MGH IACUC (Institutional Animal Care and Use Committee).
RESULTS
Effects of Efflux Pump Expression on Resistance to Fatty Acids and Polyamines in S. aureus
We determined the effects of S. aureus efflux pumps on the antibacterial activity of 6 fatty acids by comparing parental, knockout, and plasmid-overexpression constructs for Tet38, NorA, NorB, NorC, and NorD efflux pumps [19, 20, 23] ( Table 2 ). All fatty acids had similar activity (MIC 10-12.5 µg/mL) against RN6390, with the exception of lauric acid, which was 4-to 5-fold less active. Differences between strains differing in efflux pump expression were seen principally with the Tet38 pump, overexpression of which increased the MICs of all fatty acids, except palmitic acid, 4-to 8-fold, and the MIC of tetracycline 64-fold. Relative to the parental strain, the tet38 mutant had a limited change of MIC of 2-fold or less for all compounds, suggesting limited expression of tet38 under basal conditions in vitro. Overexpression of norB showed a more limited effect, with a 2-to 4-fold increase in the MIC of fatty acids except palmitic and palmitoleic acids. No change was seen in MICs for the norB mutant except for a 2fold decrease with undecanoic acid. There was no change in the fatty acid MICs in the other mutants.
In strain MW2 overexpression of tet38 from plasmid pLI50-tet38 caused an increase of 2-fold and 4-fold in fatty acid MICs, and 16-fold in tetracycline MIC ( Table 2 ). The lower magnitude of increases in MICs with plasmid LI50-tet38 in MW2 than in RN6390, is likely related to the 4-fold lower level of tet38 transcripts found in MW2 ( pLI50-tet38) than in RN6390 ( pLI50-tet38; data not shown).
We determined the MICs of spermidine, putrescine, and spermine for RN6390 and MW2 and their pump mutants. Only the RN6390 norC mutant showed a decrease (4-fold) in MICs to both polyamines. Overexpression of norC in RN6390 and MW2 resulted in an 8-fold increase in MICs of spermidine, putrescine, and spermine.
Effects of Fatty Acids and Polyamines on Efflux Pump Gene Expression
The tet38 expression has been shown to increase in subcutaneous abscesses relative to growth in laboratory conditions [20] . We thus tested the ability of fatty acids, which are also present in abscesses, to induce expression of tet38 (Table 3) . Exposure of RN6390 to sub-MIC concentrations of palmitoleic, oleic, linoleic, and undecanoic acids resulted in increases in tet38 transcript levels of 2-fold or more, with the greatest effect seen with palmitoleic acid (16-fold at 0.25 × MIC = 10 µM). Only undecanoic acid at 0.25-fold MIC (=17.5 µM) caused an increase in norB transcript levels (3.3-fold). In contrast, exposure of RN6390 to spermidine at 0.25-fold MIC caused no change in norC transcript levels.
A 2-fold or less change in tet38 transcription was found following exposure of MW2 to fatty acids, and no change was seen following polyamine exposure (Table 3) . Basal transcript levels of tet38 in RN6390 and MW2 without fatty acid exposure were similar, however. Differences in genetic background between RN6390 and MW2, which differ in sigB, rsbU, and other genes, could play a role in the differences in fatty acid induction of tet38 transcripts between these 2 strains.
Tet38-mediated Transport of Hoechst 33 342, Fatty Acids, and Tetracycline in Everted Membrane Vesicles
The S. aureus NorA efflux pump heterologously expressed in E. coli has been shown to transport the quinolone norfloxacin in everted membrane vesicles [27] . To determine if Tet38 functions as an efflux transporter of fatty acids and tetracycline, we expressed and tested Tet38 in the E. coli everted membrane vesicle system. The Hoechst 33 342 dye, which selectively fluoresces in the membrane environment and to which tet38 conferred resistance (Table 2) , was transported from everted membrane vesicles prepared from Tet38-expressing cells as measured by a lactate-dependent reduction in fluorescence. Initial (20 seconds) rates of transport of Hoechst 33 342 were linear within the concentration range of 50-200 nM and were dependent on the presence of tet38. There was no change in Hoechst 33 342 fluorescence in a vesicle preparation from E. coli BL21( pTrcHis2) cells ( Figure 1A ). Hoechst 33 342 transport by Tet38 was saturable with an estimated K m of 0.40 µM, a value similar to that of transport by NorA [27] . V max was estimated to be 100 nmol/mg vesicle protein/min. We measured the ability of fatty acids and tetracycline to compete with transport of Hoechst 33 342. Tetracycline produced Figure 2D ). Thus, Tet38 functions as a selective transporter of palmitoleic and undecanoic acids as well as tetracycline.
Mouse Skin Colonization Model
Skin survival was tested with strain MW2, a USA400 isolate that reliably produces abscesses after subcutaneous injection [19, 20] . After 24 hours of skin surface exposure, recovery of the MW2 Δtet38 (3.6 × 10 3 CFU/mouse) was 5-fold less than that of the parental strain (1.7 × 10 4 CFU/mouse; Figure 3 ). Complementation of tet38 in the mutant by plasmid-encoded tet38 resulted in survival similar to that of the parental strain (2.0 × 10 4 CFU/mouse). This effect was not due to differences in the ability of these strains to adhere to skin, as determined by recovery of bacteria 1 hour after skin exposure (2. In vivo model to study the antibacterial activity of fatty acids on mouse skin. An initial inoculum of 10 7 Staphylococcus aureus MW2 and the mutants MW2Δtet38, MW2ΔnorB, MW2ΔnorC were applied on the mouse skin. The surviving bacteria were recovered after 24 hours. A 5-fold reduction in the number of recovered S. aureus was found associated with the mutant MW2Δtet38. MW2: wild-type S. aureus strain; MW2Δtet38, MW2ΔnorB, MW2ΔnorC: tet38, norB, and norC isogenic mutants Each assay was repeated 8 times (P < .00002). Abbreviation: CFU, colony-forming unit.
respectively) but appears instead to be due to differences in their ability to survive on skin surface over time. In contrast, norB and norC mutants of MW2 showed no difference in survival on skin at 24 hours (1.75 × 10 4 and 1.76 × 10 4 CFU/ mouse, respectively; Figure 3 ). We also tested RN6390 for survival on mouse skin. Although its Δtet38 mutant (QT7) also showed somewhat lower survival on skin relative the parental strain, the parental strain itself, which in contrast to MW2 is unreliable at forming subcutaneous abscesses, survived poorly on mouse skin, with a 10-fold reduction in CFU between 1 and 24 hours and could not be used reliably to test the role of tet38 in skin colonization.
DISCUSSION
Studies of efflux pumps of S. aureus have been largely focused on those that confer resistance to antimicrobial agents [33, 34] , but their natural functions are poorly understood. Tet38 and NorB, which had the strongest effects on resistance to antibacterial fatty acids, were originally identified by their antimicrobial resistance phenotypes, to tetracycline and to fluoroquinolones, respectively [25] . Interestingly, their expression is coordinately regulated by the MgrA transcriptional activator/repressor. The Nor efflux pumps and to a lesser extent Tet38 have broad substrate profiles, suggesting the possibility that their ability to confer resistance to antimicrobials may in a number of cases be a secondary or coincidental function. Their potential nonresistance natural functions are highlighted by prior findings that in the absence of antimicrobials 3 S. aureus drug-resistance pumps, Tet38, NorB, and NorD, selectively contribute to survival in subcutaneous abscesses [19, 20] , possibly triggered by the ability of low free iron, low pH, or reduced oxygen tension to induce their expression [19, 30, 35] . One natural function of efflux pumps is thought to be as "membrane vacuum cleaners" that remove harmful substances from the membrane, a function that could be facilitated in some cases by their broad substrate profiles [36] [37] [38] . Substrates appear to be able to enter pumps from both the membrane itself as well as from the cytosol [27] . The interaction of long chain fatty acids with the bacterial membrane led us to postulate that some native efflux pumps may have antibacterial fatty acids as natural substrates and thus may contribute to the ability of S. aureus to survive in the abscess environment and on the skin surface. Of the 5 pumps tested, Tet38 conferred resistance (5-fold) to a range of antibacterial fatty acids, with the greatest effect for palmitoleic and undecanoic acids. NorB had a weaker (2-to 4-fold) and more limited effect, and the other pumps tested had no demonstrable ability to confer resistance. Our findings further indicate that the fatty acid resistance phenotype of Tet38 is attributable to its ability to transport substrate fatty acids, a mechanism of resistance not previously reported for antibacterial fatty acids in S. aureus. Efflux pump systems such as the AcrAB of E. coli or FarAB of gonococci, were previously shown to contribute to fatty acids resistance [39, 40] . We also demonstrated directly that Tet38 functions as a transporter of tetracycline. The substrates of Tet pumps have generally been thought to be limited to members of the tetracycline class of antimicrobials, and tet genes have been most commonly found on plasmids. Our findings further suggest that chromosomally encoded Tet pumps, like Tet38, may in fact have other natural functions.
The expression of both tet38 and norB in strain MW2 is induced in abscesses [20] , which contain fatty acids, including palmitoleic and undecanoic acids [5] . In the case of MW2, however, induction of tet38 by fatty acids in vitro is poor, and other environmental triggers for gene expression, such as low pH (skin pH = 5.5) and low oxygen, had no effect on tet38 transcript level (data not shown). These triggers found in abscesses have been shown to be inducers of norB [30, 35] . In contrast, in strain RN6390 fatty acids induced expression of tet38 and to a lesser extent norB, indicating that regulatory mechanisms and induction pathways may differ among strains. Fatty acids are the first identified natural compound inducers of tet38, which is not induced by exposure to subinhibitory concentrations of tetracycline [25] . Palmitoleic and undecanoic acids were the strongest inducers of tet38, and linoleic acid had a weaker effect in strain RN6390.
Linoleic acid induced tet38, mmpL, and mdeA pump gene expressions in strain MRSA252 [21] . This induction was not seen in RN6390 (data not shown), but no role for MmpL and MdeA in resistance to fatty acids in S. aureus has been demonstrated [41] . Internalization of S. aureus into epithelial cells is also associated with increased expression of tet38 [42] . Fatty acids, such as sapienic and linoleic acids, may also induce expression of other genes such as proteases associated with increased severity of skin infection [43] . Following exposure to fatty acids, the transcript levels of fadABDE (fatty acid degradation operon) were measured by RT-PCR. No significant increase was found (data not shown).
Spermidine and spermine are polyamines that are present on human skin and like antibacterial fatty acids have activity against S. aureus [12, 13] . Strain USA300 is a notable exception with relative resistance due to a polyamine-modifying N-acetyltransferase encoded on the arginine catabolic mobile element [18] . Mouse skin normally contains low levels of the catabolic enzyme spermidine/spermine-N-acetyltransferase (SSAT), a rate-limiting enzyme of the polyamine metabolism [44] . Efflux pump expression appeared to have little effect on susceptibility to polyamines, with the exception that overexpression of norC caused an 8-fold increase in resistance to polyamines in S. aureus RN6390. Notably, expression of norC, like that of tet38 and norB, is coordinately regulated by MgrA [26] . In contrast to the ability of Tet38 substrate fatty acids to induce expression of tet38, expression of norC was not affected by subinhibitory concentrations of polyamines.
Because the roles of Tet38 and NorB in promoting bacterial survival in an abscess environment have been established, we tested their contribution and that of NorC to the ability of S. aureus to colonize skin surfaces, a necessary step prior to skin infection. In the adapted mouse model, tet38 but not norB or norC mutants exhibited a 5-fold reduction in survival of strain MW2 on skin. The reduction in skin survival in the tet38 mutant was fully complemented by plasmid-encoded tet38. Thus, the Tet38 transporter itself contributes to the ability of S. aureus to survive on skin, and this effect is likely due to its ability to confer resistance to antibacterial fatty acids. The lack of effect seen in the norB and norC mutants suggests that these pumps do not play major roles in the ability of S. aureus to colonize mouse skin. Colonization of mouse skin was tested with strain MW2, a clinically derived community MRSA strain that readily forms subcutaneous abscesses, because RN6390, a laboratory strain that does not reliably form abscesses, also survived poorly on mouse skin. Although fatty acids did not induce expression of tet38 in strain MW2, it is possible that other as yet undefined conditions on the skin surface enhance tet38 expression. Our findings further indicate that fatty acid substrate induction is not required for the fitness benefit of tet38 in survival on mouse skin.
The emergence of resistance to current antimicrobial agents highlights the importance of discovery and development of new approaches. Our findings raise the possibility that agents inhibiting Tet38 and possibly other efflux pumps might serve as potentiators of antibacterial fatty acids and might be used to enhance the activity of regimens used to decolonize the skin of patients with recurrent staphylococcal infections. As is the case with NorB [20] , Tet38 combines the ability to confer resistance to antimicrobials with the ability to facilitate S. aureus survival in abscesses and on skin.
Notes
